Abstract-Research on flux switching machines (FSMs) has been an attractive topic recently due to tremendous advantages of robust rotor structure, high torque, and high power capability that suits for intense applications. However, most of the investigations are focusing on inner rotor structure which incongruous for direct drive applications. In this paper, the design optimization and performance analysis of 12Slot-14Pole hybrid excitation flux switching machine (HEFSM) with outer-rotor configuration are conducted for in-wheel direct drive electric vehicle (EV). Similar with conventional inner-rotor HEFSMs, two magnetic flux sources of permanent magnet (PM) and field excitation coil (FEC) have extra advantage of variable flux control capability, while the outer-rotor configuration has ability to provide much higher torque and power density suitable for inwheel EV drives. Based on some design restriction and specification, design refinements are conducted on the initial design machine by using deterministic optimization approach. The final design machine has achieved maximum torque and power density of 335.08Nm and 5.93kW/kg, respectively, slightly better than inner rotor HEFSM and interior permanent magnet synchronous machine (IPMSM) design for EV.
I. INTRODUCTION
In 21st century, global warming is among a major issue discussed all over the world by scientists and government agencies. The factors that contribute to global warming are greenhouse effect due to human activities, heated by solar radiation, and geomagnetic variation [1] . As reported in [2] , the burning of fossil fuels are the main contributors for global warning issue by means of conventional internal combustion engine (ICE) vehicles. Due to the price of fossil fuel is keep rising year by year, lots of researcher and industries are looking for electric vehicles (EVs) as the most possible solution in transportation [3] . Thus, it can be concluded that commercialization of EV will reduce dramatically the air pollution and will meet the national energy strategy to seek for an energy future that would be secure, efficient, and environmentally sound [4] .
Generally, the propulsion system for conventional EVs consists of batteries, electric motors with drives, and transmission gears to wheels. This configuration led for torque and power loss on the transmission system and resulting less electric motor's efficiency. In addition, it consumes a lot of space to locate the transmission and gearing system in vehicle's cabin that increase the total vehicle weight. Therefore, in-wheel direct drive motor is an alternative mode for EV where the transmission system that composed of gearing, belting and mechanical system in conventional EV can be eliminated. Thus, the transmission losses are minimized, and the operation efficiency and reliability are improved [5] . Moreover, more batteries can be installed in the space that would be occupied by the transmission, which help to increase the driving range per charge. On the contrary, due to the elimination of gears, the system needs to produce the total torque directly into the wheel shaft with higher torque and power density as compared with conventional EV [6, 7] .
It is essential that electric motors with high torque density capability are commonly used for heavy applications such as in aerospace and automotive area [8] . Previously, permanent magnet (PM) brushless machines are widely used for these heavy applications due to their advantages of high torque density, high power density, wide speed, wide constant power, and high efficiency capabilities [9, 10] . Nevertheless, due to the main flux source of PMs are located on the rotor, the machines are suffer from demagnetization effects and eddy current loss in the rotor. Moreover, the difficulty to remove heat from the rotating part is among the main issue on this kind of electric machine.
Almost a decade, flux-switching motors (FSMs) has been an attractive research topic due to their several advantages of higher torque density and efficiency. With all active components such as PM, DC field excitation coil (DC FEC), and armature coil located on the stator, the machine becomes extremely robust in which only single piece of rotor iron is employed. Various applications of FSM have been reported, ranging from wind power generation, automotive, aerospace, power tools and etc [11] [12] [13] [14] . Generally FSMs can be classified into three groups, namely permanent magnet (PM) FSMs, hybrid excitation (HE) FSMs, and field excitation (FE) FSMs. Both PMFSMs and FEFSMs have only single excitation flux source which come from PM and FE coil, respectively, while in HEFSM there are two magnetic flux source which come from PMs and FECs [15] .
However, to date, most of the designed FSMs are mainly focused on inner-rotor configurations [16, 19] and earliest report on outer-rotor PMFSM has been published in 2010 where the machine target is to be applied for light traction EV applications [20, 21] . Nonetheless, with single magnetic flux source of constant PM, it also may suffer from demagnetization effect and uncontrollable flux. This paper presents an optimization study on 12Slot-14Pole outer-rotor hybrid excitation flux switching machine (HEFSM) to meet the requirement of in-wheel direct drive EV. In this machine, the presence of FEC makes the machine more attractive especially on the modulating flux of PM. The existence of FEC gives extra advantage to the machine which acts as the secondary flux source to improve maximum torque and power capabilities due to variable flux control capability. Initially, the feasibility study of the proposed machine has been reported as discussed in [22] . However, based on initial analysis using finite element analysis (FEA), the proposed machines have several drawbacks that prevent the machine to achieve maximum performances especially at maximum current densities. To improve the design drawbacks, some design refinements and optimization are conducted using deterministic optimization approach.
The investigation on initial design machine based on 2D-FEA of 12Slot-14Pole outer-rotor HEFSM is discussed in Section II. The method of getting maximum performances based on FEA is described in Section III. The final design and the optimal performances of the machine are explained in Section IV. Finally, some conclusions are drawn in Section V.
II. PERFORMANCE ANALYSIS ON INITIAL DESIGN 12SLOT-14POLE BASED ON FEA

A. Finite Element Analysis (FEA) Design
Initially, the proposed 12Slot-14Pole outer-rotor HEFSM is designed using the commercial FEA package, JMAG-Designer V.13 software. This software is used as 2D finite element solver throughout the design studies. The initial structure of the proposed machine is shown in Fig. 1 and the coil turns for armature coil and FEC are examined by (1) . From (1), subscript a and e represent armature coil and FEC components, respectively, while N is the number of turns of coil winding, α is the filling factor, R is the coil resistance (Ω), S is the coil slot area (mm 2 ), and L is the average coil length (mm). Furthermore, current density of armature coil (Ja) and FEC (Je) are determined by (2) . The proposed machines consist of 24 stator teeth with alternate DC FEC, alternate PM flux direction and counter clockwise armature coil slots around the stator body. The material used for PM is NEOMAX-35AH whose residual flux density and coercive force at 20ºC are 1.2T and 932kA/km, respectively, while electromagnetic steel 35H210 is used for rotor and stator core.
B. Machine's Design Restrictions and Specifications
The design requirements, restrictions and specifications of the proposed outer-rotor HEFSM are based on inner-rotor HEFSM and IPMSM designed for HEV as listed in Table I . In this design, the target performances of maximum torque and power is expected to be more than 333Nm and 123kW, respectively, under maximum inverter current, voltage, armature current density, and FEC current density ratings of 360Arms, 650V, 30Arms/mm 2 and 30A/mm 2 , correspondingly. The target weight of the proposed motor is set to be at least 30 kg which is less 5kg compared to IPMSM. Therefore, it is expected that the proposed motor can achieve the maximum power and torque density of 11.1Nm/kg and 4.1kW/kg, respectively. In addition, the PM weight is reduced to 1.0 kg in order to reduce the total weight and manufacturing cost.
C. Capability of Initial Design Machine
At no load condition, the cogging torque of the proposed machine is shown in Fig. 2 . The analysis is done for one electric cycle with 25.71 degrees of rotor position. From the graph, it is clear that six cycles cogging torque with maximum peak-topeak of 7.99Nm is produced. The peak-to-peak cogging torque is within the acceptable range as compared with the maximum target torque. It is expected that the peak-to-peak cogging torque has possibility to be reduced by improving the initial design machine. Furthermore, the induced voltages of various DC FEC current densities at rated speed of 3000r/min are plotted in Fig.  3 . The induced voltage at PM only has the lowest magnitude of approximately 81.58V, while the highest magnitude recorded is 319.68V at DC FEC current density of 15A/mm 2 . At no DC FEC current density, the graph is almost sinusoidal but when the DC FEC current density is further increased, the induced voltage become distorted. This is due to some of the fluxes from PM are cancelled by the flux generated from DC FEC.
The flux linkages of PM at various DC FEC current densities are demonstrated in Fig. 4 . It is obvious that when DC FEC current density, Je start to increase, the flux linkage is also increased and reach to maximum when Je is set to 10A/mm 2 .
The maximum flux linkage at this condition is approximately 0.051Wb which is increased more than three times when compared with flux linkage come from PM only. When further increased of Je, the flux linkage starts to reduce and finally when Je is set to maximum of 30A/mm 2 , the magnitude of flux linkage is approximately 0.028Wb. This phenomenon is expected due to flux saturation when higher Je is injected to the system beyond 10A/mm 2 . Thus, this analysis has proved that the additional DC FEC can improve flux generated from PM to provide higher torque and offers variable flux control capability.
Further investigations on flux distribution at several current density conditions to identify the root cause of performance reduction are conducted as demonstrated in Fig. 5 . The analysis is performed at constant armature current density of 30Arms/mm 2 , while the DC FEC current densities are set to 0A/mm 2 , 10A/mm 2 , 20A/mm 2 and 30A/mm 2 . From the results, at Je of 0A/mm 2 , the flux flows easily from stator to rotor and return back to stator through the adjacent rotor pole making a complete cycle of PM flux. However, at some portion there is flux saturation especially on the region circled by red color of Fig. 5(a) . When low Je of 10A/mm 2 is applied to the system, more flux is generated and obviously the flux saturation has reduced due to flux cancellation between flux of PM and flux of DC FEC as demonstrated on the circled region in Fig. 5(b) . Hence, when Je is increased to 20A/mm 2 more fluxes flow to the rotor as well as on the inner stator back yoke resulting flux saturation between DC FEC slot and armature coil slot as indicated by blue circle in Fig. 5(c) . In addition, some of the flux from DC FEC is cancelled with the flux from PM at the area indicated by green circle and the remaining fluxes are forced to flow through inner stator back yoke. Finally, when Je is set at maximum of 30A/mm 2 , the fluxes are totally saturated on the region of adjacent DC FEC slot and between DC FEC slot and armature coil slot as shown by red circle in Fig. 5(d) .
Therefore, design refinement and improvement especially on the above mentioned region shall be conducted to reduce flux saturation, hence increasing the performances.
Finally, torque productions of the initial design machine at various current density conditions are also investigated. In this design, the torque versus DC FEC current density Je at various armature current densities is plotted as shown in Fig. 6 . Both armature current and DC FEC current densities are varied from 0(Arms or A)/mm 2 to 30(Arms or A)/mm 2 . From the graph, it is obvious that the torque is increased with the increasing of Je up to certain point. Once the torque reaches its maximum point, the torque starts to reduce when higher Je is applied. This pattern is almost similar for the whole condition of armature current densities.
This phenomenon has validated the fluxes conditions discussed above in which some of flux has saturated at certain condition of current density. In addition, the reduction of torque when reaching its maximum point is due to flux cancellation between the excitation flux and armature coil flux, thus producing much negative torque. Again, design refinement on the distance between DC FEC slot and armature coil slot and also the distance between the adjacent of DC FEC slot should be implemented to avoid flux saturation.
III. DESIGN REFINEMENTS BASED ON 2D-FEA
In order to overcome the weaknesses of the initial design machine, some design parameters are introduced on stator and rotor parts as demonstrated in Fig. 7 . Generally, the design parameters are divided into four groups which relate to rotor core, PM, FEC slot, and armature coil slot. To find the optimal performances, each parameter is treated individually from D1 to D9 with keeping the same volume of PM and air gap length. The inner rotor radius, D1 is the first treated parameter which is considered as a dominant parameter to improve the torque. Once the optimal torque and power are achieved by treating D1, then D2 and D3 are adjusted until the combination of maximum torque and power are obtained. Then, the same procedures are applied for the rest of the components. The second step is carried out by updating the PM slot parameters D4 and D5, while keeping the other parameters constant. With the optimal results obtained on the second step, the FEC slot parameter of D6 and D7 are then varied as the third step. Then, the same procedure is applied for the fourth step that relates to armature coil slot parameter of D8 and D9 once the optimal torque and power has been carried out on the third step. On this step, the parameters are treated by ensuring the number of turns of armature coil, Na to be in integer number. At last, the parameter of D10 is adjusted with keeping the same PM volume and all parameters of D1 to D9. The design method is treated repeatedly by varying D1 to D10 until the target maximum torque and power are achieved. Finally, to allow the magnetic flux to flow easily and smoothly between the adjacent FEC slots and between the armature slot and FEC slot, both armature slot and FEC slot shape are changed from rectangular into trapezoidal shape. In addition, some of coil edges are redesigned to have curve shape in order to provide optimal performances. Along the optimization process, the air gap length of the machine is kept constant at 0.8mm. After several cycles of optimization are conducted, the outer-rotor HEFSM with 1.0kg PM has successfully achieved the target performances of maximum torque and power.
IV. FINAL DESIGN AND RESULTS
A. Initial and Final Design Comparison
The comparison of initial and final designs outer-rotor HEFSM is illustrated in Fig. 8 . It is obvious that the final design machine has enough distance between the adjacent FEC slot and between FEC slot and armature coil slot that allow the magnetic flux flow smoothly as indicated by dotted circle in Fig. 8(b) . More contrast, it can be seen from the flux distribution at high Je condition of 25A/mm 2 and 30A/mm 2 as demonstrated in Fig.  9 . Since the space between the adjacent FEC slot and between the FEC slot and armature coil slot have been expanded, the magnetic flux saturation caused by higher excitation current has been mitigated. Thus, the final design machine has ability to maintain the torque production at high excitation current condition.
B. Torque versus Excitation Current Density
The torque versus excitation current density at various armature current densities is depicted in Fig. 10 . Both armature current and FEC current densities are varied up to maximum of 30Arms/mm 2 and 30A/mm 2 , respectively. It is comprehensible that an increase in armature current density will increase the torque performance, thus a maximum torque of 335.08Nm is achieved at maximum armature current and excitation current densities.
C. Torque and Power versus Speed Characteristics
The comparison of torque speed characteristic of the initial and final design outer-rotor HEFSM are plotted in Fig. 11 . In conjunction, the torque speed characteristic of IPMSM employed in existing HEV is also plotted on the same graph to compare their performances. From the graph, it is obvious that the final design machine produced better torque speed ranges as well as much higher torque capabilities. The maximum torque of 335.08Nm is achieved for the final design machine at base speed of 4,149r/min. In contrast, a maximum torque of 333Nm at base speed of 2,100r/min is produced for IPMSM. The extra advantage of the final design machine is the machine can operates up to maximum speed of 20,000r/min, while the maximum speed of IPMSM is up to 12,400 r/min. Meanwhile, the comparisons of power versus speed characteristics between the final design machine, initial design machine and conventional IPMSM are analyzed as shown in Fig. 12 . It is obvious that initially the power curve characteristic of IPMSM is increased up to the maximum point but starts to reduce when the speed is increased. The maximum power of IPMSM is 123kW with the speed and torque of approximately 4,600r/min and 260Nm, respectively. Whilst, for the final design machine, initially the power is also increased up to the speed of 7,919r/min and kept constant at high speed region. The power achieved at maximum torque of 335.08Nm is 145.59kW under the speed of 4,149r/min, while the maximum power obtained is 160.2kW at the speed and torque of 7,919r/min and 193.17Nm, respectively. In contrast, from the torque and power versus speed characteristic, the final design machine of outer-rotor HEFSM is much better than conventional IPMSM due to its high and constant power at high speed region.
D. Power Loss and Efficiency
The motor copper loss, iron loss and efficiency are calculated considering copper losses in armature and FEC windings and iron loss in all laminated cores. The specific operating point at the base speed, high speed, and frequent operating condition under low load labelled as No. 1 to No. 5 are demonstrated in Fig. 11 . Meanwhile, the detail loss analysis and motor efficiency of this machine are depicted in Table II . It is realized that the machine has high efficiency at the base speed and normal operation condition which labelled by No. 1, No. 3, and No. 4, respectively. However, at high speed of 15,000r/min the efficiency of the machine is slightly degraded due to high iron loss.
V. CONCLUSION
This paper has presented the design optimization of 12Slot-14Pole outer-rotor HEFSM for in-wheel direct drive EV. The results obtained based on 2D-FEA have shown that the final design machine has successfully achieved the target performances. In addition, the proposed machine has better torque and speed ranges and also reduced the volume of permanent magnet to 1.0 kg that used in existing IPMSM conventionally installed in HEV. Finally, the final design machine has increased approximately 27.69% of maximum torque as compared with the initial design machine. 
